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Middle East respiratory syndrome coronavirus (MERS-CoV) is associated with an outbreak of more than 90 cases of severe pneu- 
monia with high mortality (greater than 50%). To date, there are no antiviral drugs or specific therapies to treat MERS-CoV. To 
rapidly identify potential inhibitors of MERS-CoV replication, we expressed the papain-like protease (PLpro) and the 3-chymo- 
trypsin-like protease (3CLpro) from MERS-CoV and developed luciferase-based biosensors to monitor protease activity in cells. 
We show that the expressed MERS-CoV PLpro recognizes and processes the canonical CoV-PLpro cleavage site RLKGG in the 
biosensor. However, existing CoV PLpro inhibitors were unable to block MERS-CoV PLpro activity, likely due to the divergence 
of the amino acid sequence in the drug binding site. To investigate MERS-CoV 3CLpro activity, we expressed the protease in 
context with flanking nonstructural protein 4 (nsp4) and the amino-terminal portion of nsp6 and detected processing of the lu- 
ciferase-based biosensors containing the canonical 3CLpro cleavage site VRLQS. Importantly, we found that a small-molecule 
inhibitor that blocks replication of severe acute respiratory syndrome (SARS) CoV and murine CoV also inhibits the activity of 
MERS-CoV 3CLpro. Overall, the protease expression and biosensor assays developed here allow for rapid evaluation of viral pro- 
tease activity and the identification of protease inhibitors. These biosensor assays can now be used to screen for MERS-CoV-spe- 
cific or broad-spectrum coronavirus PLpro and 3CLpro inhibitors. 


he novel coronavirus Middle East respiratory syndrome coro- 

navirus (MERS-CoV; previously known as London1, novel 
CoV, and human CoV-EMC) was first identified in 2012 in pa- 
tients suffering from severe respiratory infection that led to pneu- 
monia and 50% mortality (1-5). MERS-CoV replicates in cell cul- 
ture, and the viral RNA can be detected by reverse transcription- 
PCR (RT-PCR) using pan-coronavirus primers that recognize 
conserved CoV sequences or primers that distinguish MERS-CoV 
from other CoVs (6, 7). Deep sequencing and bioinformatics 
analysis identified MERS-CoV as belonging to the genus Betacoro- 
navirus within the subfamily Coronavirinae, most closely related 
to bat coronaviruses HKU4 and HKUS5 (1, 8). The taxonomy sup- 
ports the hypothesis that MERS-CoV emerged in the Middle East 
from an animal reservoir, with bats as a likely host. Currently, it is 
unclear if there exists an intermediate host, such as the masked 
palm civets implicated as the intermediate host for the transmis- 
sion of severe acute respiratory syndrome CoV (SARS-CoV) in 
2002 to 2003 (9, 10). As of 30 July 2013, there have been 91 infec- 
tions with MERS-CoV, resulting in 46 fatalities, and chronic dis- 
eases, such as diabetes and kidney disease, may more frequently be 
associated with a fatal outcome (11). Limited human-to-human 
transmission of MERS-CoV resulting from contact with patients 
who traveled from the Middle East to England, France, and Italy 
has been documented, with clusters of infections in Saudi Arabia 
and Jordan (3—5, 12, 13). This evidence of human-to-human 
transmission of MERS-CoV indicates that the virus may pose a 
significant threat to human health and that the screening and de- 
velopment of antiviral drugs that either specifically inhibit MERS- 
CoV or broadly inhibit CoV replication is a research priority. 

When considering antiviral drug development, an important 
issue is whether prophylactic or immediate treatment with antivi- 
rals would reduce the viral spread and mortality associated with 
MERS-CoV. Analysis of viral load in the respiratory tracts of SARS 
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patients revealed that peak viral load occurred at 10 days after 
onset of fever (14). These findings suggest that there may be a 
window of opportunity for administration of antiviral therapy 
within the first 10 days of illness, potentially reducing viral load 
and mortality. Indeed, over the last 10 years, there has been con- 
siderable effort aimed at generating effective antiviral therapies for 
SARS-CoV, resulting in over 3,500 publications on SARS-CoV- 
inhibitory compounds (15). Much of this work has focused on 
inhibiting the viral proteases that are required for viral replication. 
These proteases, the papain-like protease (PLpro) and 3-chymo- 
trypsin-like protease (3CLpro; also termed the main protease, 
Mpro), are critical for processing the viral replicase polyprotein 
produced upon translation of the CoV positive-sense RNA ge- 
nome after infection (16). High-throughput screening and struc- 
ture-activity relationship refinement of leads has identified inhib- 
itors directed against SARS-CoV PLpro and 3CLpro (17-24). 
Currently, it is unclear whether any of these inhibitors designed to 
block SARS-CoV proteases also block MERS-CoV proteases. Our 
goal was to develop a rapid, sensitive, cell-based assay that could 
be performed in a biosafety level 2 environment to evaluate exist- 
ing and new drugs for their ability to inhibit CoV protease activity. 
These novel screening methods could be used to identify inhibi- 
tors specific to MERS-CoV or pan-coronaviral inhibitors that 
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could block proteases from MERS-CoV, SARS-CoV, or other po- 
tentially emerging coronaviruses. 

Here we report the expression and activities of MERS-CoV 
PLpro and 3CLpro in cell-based assays. We show that coexpres- 
sion of a MERS-CoV protease domain with a cleavage-activated 
luciferase substrate allowed for both endpoint evaluation and live- 
cell imaging profiles of protease activity. We found that a charac- 
terized SARS-CoV PLpro inhibitor has limited efficacy on MERS- 
CoV PLpro activity. However, a previously identified 3CLpro 
inhibitor of SARS-CoV and murine coronavirus replication also 
effectively blocks the activity of MERS-CoV 3CLpro. This study 
describes approaches that can be used to identify CoV protease 
inhibitors and identifies a compound, CE-5, that can be used to 
help characterize the active site of MERS-CoV 3CLpro. 


MATERIALS AND METHODS 


Cells and transfections. HEK293T cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal calf serum 
(FCS) and 2% glutamine. For transfection experiments, cells were plated 
in CellBIND plates (Corning), and when cells were approximately 70% 
confluent, they were subjected to transfection using TransIT-LT1 
transfecting reagent (Mirus) according to the manufacturer’s sug- 
gested protocol. 

Protease expression plasmids. The sequence of the MERS-CoV 
PLpro (GenBank accession number AFS88944; ORFla amino acids 1483 
to 1802) was codon optimized, synthesized (GenScript), and cloned into 
pcDNA3.1-V5/His-B (Invitrogen) (see Fig. S1 in the supplemental mate- 
rial) to generate pMERS-CoV PLpro. A catalytically inactive mutant (in 
which cysteine 1592 was changed to alanine, designated CA) was gener- 
ated using site-directed mutagenesis by a two-step overlapping PCR ap- 
proach using the primers listed in Table S1 in the supplemental material. 
The MERS-CoV nonstructural protein 4, 5, and N-terminal 6 (nsp4/5/ 
6N) region (ORFla amino acids 2741 to 3561) was synthesized (Gen- 
Script) and cloned into pcDNA3.1-V5/His-B (Invitrogen) (Fig. $2) to 
generate pMERS-pp3CLpro. Specific mutations in the catalytic residues 
(C3395 in nsp5) and putative cleavage site of nsp5/6 (Q3553/S$3554) were 
generated by using QuikChange II XL site-directed mutagenesis kit (Strat- 
agene) (Table S1). 

Biosensor expression plasmids. The pGlo-30F vector backbone (Pro- 
mega) is a circularly permuted Photuris pennsylvanica luciferase opti- 
mized for expression in cell culture (25). Oligonucleotides corresponding 
the amino sequence RLKGG (for PLpro) or VRLQS (for 3CLpro) were 
ligated into the BamHI and HindIII restriction enzyme cleavage sites (see 
Table S1 in the supplemental material), and screening for the inserts was 
performed by restriction enzyme digestion to confirm the presence of 
engineered AflII (RLKGG) or PstI (VRLQS) sites. The resulting plasmids 
were designated pGlo-30F-RLKGG and pGlo-30F-VRLQS. 

trans-cleavage assay for MERS-CoV PLpro. HEK293T cells in 12-well 
plates were transfected using TransIT-LT1 transfection reagent (Mirus) 
with 25 ng nsp2/3-GFP plasmid and increasing amounts of pcDNA- 
MERS-CoV PLpro expression plasmids. At 24 h posttransfection, cells 
were lysed with 300 zl of lysis buffer A, containing 4% SDS, 3% dithio- 
threitol (DTT), and 0.065 M Tris, pH 6.8. Proteins were separated by 
SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) mem- 
brane in transfer buffer (0.025 M Tris, 0.192 M glycine, 20% methanol) 
for 1 h at 65 V at 4°C. The membrane was blocked using 5% dried skim 
milk in TBST buffer (0.9% NaCl, 10 mM Tris-HCl, pH 7.5, 0.1% Tween 
20) overnight at 4°C. The membrane was incubated with polyclonal rabbit 
anti-green fluorescent protein (anti-GFP) antibody (Life Technologies), 
followed by incubation with horseradish peroxidase (HRP)-conjugated 
donkey anti-rabbit secondary antibody (SouthernBiotech). To verify ex- 
pression of PLpro, the membrane was probed with mouse anti-V5 anti- 
body (Invitrogen). Mouse anticalnexin antibody (Cell Signaling Technol- 
ogy) was used to detect a host cell protein as a loading standard, and 
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HRP-conjugated goat anti-mouse antibody (SouthernBiotech) was used 
as the secondary antibody. Secondary antibody was detected using West- 
ern Lighting Plus chemiluminescence reagent (PerkinElmer) and visual- 
ized using a FluorChem E imager. 

Biosensor endpoint assay. HEK293T cells were transfected with 150 
ng pGlo-30F-RLKGG or pGlo-30F-VRLQS, 25 ng pRL-TK (Promega), 
and increasing amounts of protease expression plasmid. Transfections 
were equalized to 500 ng per well with an empty pcDNA3.1-V5/His-B 
vector. At 20 h posttransfection, cells were lysed with 1X passive lysis 
buffer (Promega) and 25 pl of lysate was assayed for luciferase activity 
using 96-well white-bottom assay plates (Corning) and dual-luciferase- 
activating reagents (Promega). 

Biosensor live-cell assay. HEK293T cells (96-well format, 0.4 pl 
TranIT-LT1 per well) were transfected with 37.5 ng pGlo-30F, pGlo-30F- 
RLKGG, or pGlo-VRLQS, 2 ng pRL-TK (Promega), and either 37.5 ng of 
SARS-CoV PLpro or 25 ng MERS-CoV 3CLpro DNA. Transfections were 
equalized to 125 ng with the empty vector pcDNA3.1-V5/His-B. At 13 h 
posttransfection, GloSensor (Promega) reagent (diluted 1:50 in culture 
medium) was added to each well. Plates were imaged using a luminometer 
(Veritas) every hour for 2 h. Cells were then treated with the concentra- 
tions of drug indicated in the legend to Fig. 5, with dimethyl sulfoxide 
(DMSO) at an equivalent volume, and imaged every hour for 4 h. 

Western blot detection of MERS-pp3CLpro cleavage products. To 
determine the catalytic activity of MERS-pp3CLpro, HEK293T cells in 
24-well CellBIND plates were transfected with increasing amounts of 
pcDNA-pp3CLpro expression plasmid DNA. At 20 h posttransfection, 
cells were lysed in 100 pl of lysis buffer A, followed by Western blotting as 
described above. The protein level of pp3CLpro and its cleaved products 
were detected using mouse anti-V5 antibody (Invitrogen). After being 
probed with anti-V5, the membrane was treated with stripping buffer 
(62.5 mM Tris-Cl, pH 6.8, 2% SDS, 100 mM 2-beta-mercaptoethanol) 
and reblotted using a mouse monoclonal antibody to beta-actin (Am- 
bion). HRP-conjugated goat anti-mouse (SouthernBiotech) was used as 
the secondary antibody. 


RESULTS AND DISCUSSION 

Evaluating MERS-CoV papain-like protease activity. To deter- 
mine if the predicted papain-like protease domain of MERS-CoV 
can be expressed in trans as a functional protease, the MERS-CoV 
PLpro domain was codon optimized and cryptic splice sites were 
removed, synthesized, and cloned into pcDNA3.1 for transient- 
transfection studies (Fig. 1A). The synthetic MERS-CoV PLpro 
extends from amino acids 1485 to 1802 of ORF 1a, with the addi- 
tion of 2 amino acids at the N terminus to allow efficient transla- 
tion (methionine and alanine) and a V5 epitope tag on the C 
terminus (see Fig. S1 in the supplemental material for the modi- 
fied nucleotide sequence). A catalytic-mutant MERS-CoV PLpro 
was generated by mutating the catalytic cysteine residue (amino 
acid 1594) to an alanine (oligonucleotides are listed in Table S1 in 
the supplemental material). To evaluate protease activity in cell 
culture, plasmid DNA expressing the wild-type or catalytic-mu- 
tant form of MERS-CoV PLpro was transfected into HEK293T 
cells along with a plasmid DNA expressing the SARS-CoV nsp2/ 
3-GFP substrate. The nsp2/3-GFP substrate is commonly used to 
assess the cleavage ability of transiently expressed CoV papain-like 
proteases (26). We detected evidence of processing of the nsp2/3- 
GFP substrate in the presence of the catalytically active form of 
MERS-CoV PLpro but not in the presence of the catalytic-mutant 
MERS-CoV PLpro (Fig. 1B). These data confirm that the putative 
papain-like protease domain located within nsp3 of the MERS- 
CoV genome indeed functions as a papain-like protease capable of 
cleaving LXGG-containing polyprotein substrates. Alignment of 
the PLpro domain of MERS-CoV with the PLpro domains of 
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MERS LHTVLAKAELCCSARMVWREWENVGGIKDVVLOGLKACCYVGVOTVEDERARMT Y VCQEGGERHROLVEHTT PWLLUSGT PNEKLV 
HKU4 LHTULAKAELTVSAKMVWREWETVEGIRDIEYTGMRACVYAGVNSMEELQSVFNETCVEGSVKHROLVEHSAPWLLVSGLNEVKV- 
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FIG 1 Activity of MERS-CoV PLpro. (A) Schematic diagram of MERS-CoV ORF 1a/b, with predicted PLpro cleavage sites indicated; pMERS-PLpro corresponds 
to amino acid residues (aa) 1485 to 1802. ADRP, ADP-ribose-1"-monophosphatase; PLpro, papain-like protease; 3CL, 3-chymotrypsin-like protease; Prm, 
primase; RdRp, RNA-dependent RNA polymerase; ZBD, zinc-binding domain; Hel, helicase; ExoN, exoribonuclease; NMT, N7 methyltransferase; NendoU, 
endoribonuclease; OMT, 2’ O-methyltransferase. (B) trans-cleavage activity of MERS-PLpro. pMERS-PLpro and plasmid DNA expressing the SARS-CoV 
nsp2/3-GFP substrate were transfected into HEK293T cells, lysates were harvested at 24 h posttransfection, and protein expression was analyzed by Western 
blotting with the indicated antibodies. WT, wild type. Numbers at the right are molecular masses (in kilodaltons). (C) Alignment of the PLpro domains from 
selected betacoronaviruses using the ViPR software MUSCLE alignment algorithm; identical residues are highlighted. *, catalytic residues; #, zinc-binding 
cysteines. Underlined residues in the SARS PLpro indicate a flexible loop that binds specific inhibitors. Accession numbers are as follows: for MERS-CoV amino 
acids 1484 to 1802, JX869059; for bat CoV-HKU4 amino acids 1526 to 1844, NC_009019; for bat CoV-HKU5 amino acids 1560 to 1878, NC_009020; for 
SARS-CoV amino acids 1541 to 1855, AY278741; and for MHV amino acids 1609 to 1911, NC_001846. 


other betacoronaviruses, including SARS-CoV, bat coronaviruses 
HKU-4 and HKU-5, and the murine coronavirus mouse hepatitis 
virus (MHV) revealed the conservation of the catalytic triad (Cys- 
1594, His-1759, and Asp-1774) and the four cysteine residues that 
comprise the zinc-binding finger domain (Cys-1672, -1675, 
-1707, and -1709). However, the overall sequence identity be- 
tween MERS-CoV PLpro and SARS-CoV PLpro is low, at only 
30% amino acid identify (Fig. 1C). MERS-CoV PLpro also con- 
tains a canonical RLKGG site located between the catalytic histi- 
dine at position 1759 and the catalytic aspartic acid at position 
1774. This cleavage site is unique to MERS-CoV, but due to the 
proximity to the catalytic residues, it is unlikely that this cleavage 
site is accessible for PLpro cleavage. However, further experiments 
must be done to address the functionality of this putative cleavage 
site. 
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Exploiting a biosensor assay to evaluate MERS-CoV PLpro 
activity. Developing assays to rapidly detect the activity of coro- 
navirus proteases is a key step toward the goal of evaluating spe- 
cific and pan-coronavirus protease inhibitors. Therefore, we de- 
veloped a luciferase-based biosensor assay to measure protease 
activity within transfected cells. The system takes advantage of an 
inverted, circularly permuted luciferase construct (pGlo-30F) 
separated by an engineered site corresponding to the canonical 
coronavirus PLpro cleavage recognition sequence, RLKGG (Fig. 
2A). The protease recognition site is limited in size, and because 
coronaviral proteases recognize short consensus sequences within 
the viral polyprotein, only 5 amino acids were engineered into the 
construct. The 5-amino-acid cleavage site contains the consensus 
LXGG motif necessary for recognition by coronaviral papain-like 
proteases, so this substrate should be recognized by MERS-CoV 
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FIG 2 Biosensor assay detecting MERS-CoV PLpro activity in cells. (A) Dia- 
gram depicting the circularly permuted luciferase construct linked by the pro- 
tease cleavage site RLKGG for assessing CoV PLpro activity. (B) Expression of 
MERS-CoV PLpro activates the biosensor. HEK293T cells are cotransfected 
with pGlo-30F-RLKGG and either pMERS-PLpro or pMERS-PLpro-CA. At 
20 h posttransfection, cells were lysed and assayed using the dual-luciferase 
assay. The experiment was performed in triplicate, and error bars represent the 
standard deviations of the means. (C) Live-cell assay of MERS-PLpro activity. 
Cells were cotransfected with pGlo-30F-RLKGG and either pMERS-PLpro or 
pMERS-PLpro-CA. At 14 h posttransfection, cells were incubated with 
GloSensor reagent, and luminescence was read hourly. The experiment was 
performed in triplicate, and error bars represent the standard deviations of the 
means. (D) A previously identified SARS-CoV inhibitor does not inhibit 
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PLpro and other coronavirus PLpros (27-29). The inactive form 
of luciferase is expressed within transfected cells, and upon cleav- 
age by a viral protease recognizing the engineered cleavage site, 
there is a conformational change into an active form of lucif- 
erase. Protease activity is measured quantitatively by endpoint 
lysis of the cells and incubation with luciferase substrate re- 
agents or by a live-cell approach to examine the kinetics of 
protease activity. This system is based on the pGloSensor 
caspase 3/7 system, which was used previously to evaluate pro- 
tease activity in live cells and animal models, and on similar 
systems that were used to evaluate viral protease activity in an 
in vitro translation system (25, 30-32). 

To determine if this system can be used to examine MERS-CoV 
PLpro activity, the MERS-CoV PLpro expression plasmid, in ad- 
dition to pGlo-RLKGG and renilla luciferase plasmids, was trans- 
fected into HEK293T cells. The cells were lysed 20 h posttransfec- 
tion, and a dual-luciferase assay was performed on the lysates, 
with assessment of the firefly luciferase activity generated by cleav- 
age of the pGlo-RLKGG substrate and the renilla luciferase activ- 
ity to control for transfection efficiency and toxicity. Wild-type 
MERS-CoV PLpro recognized and cleaved the pGlo-RLKGG sub- 
strate, resulting in luciferase induction 10-fold above that in the 
mock experiment (Fig. 2B). A dose response was evident, with 
increasing amounts of protease expression leading to higher levels 
of luciferase activity. The catalytic-mutant PLpro did not cleave 
the substrate, and there was no detectable increase in luciferase 
activity above background. To evaluate MERS-CoV PLpro activ- 
ity in real time, we exploited an assay based on detecting luciferase 
activity using a live-cell readout. The firefly luciferase encoded in 
the pGlo reporter can be detected in live cells by using a cell- 
permeable luciferase activator substrate, GloSensor, added to tis- 
sue culture media during incubation (30). HEK293T cells in a 
96-well format were transfected with MERS-CoV PLpro (wild 
type or catalytic mutant) and the pGlo-RLKGG-expressing sub- 
strate. At 15 h posttransfection, the cells were incubated in 
GloSensor reagent and monitored for luciferase activity using a 
luminometer. Cells expressing MERS-CoV PLpro showed a 10- 
fold increase over levels in the mock experiment as early as 1 h 
after GloSensor incubation, and luciferase activity continued to 
increase over the duration of the experiment (Fig. 2C). The cata- 
lytic-mutant MERS-CoV PLpro-expressing cells show no increase 
over levels in the mock transfection cell background. The mock- 
transfected cells gave an extremely low background in the live-cell 
assay (only ~ 15 luciferase units), allowing for excellent sensitivity 
of protease activity. Initial screening of the existing SARS-CoV 
PLpro inhibitor, a benzodioxolane derivative termed 15 g (BD- 
15g) against MERS-CoV PLpro, revealed no significant inhibition 
(Fig. 2D) (17). One possible explanation for the specificity of BD- 
15g for SARS-CoV PLpro over MERS-CoV PLpro is that the in- 
hibitor associates with a flexible loop that differs between SARS- 
CoV PLpro and MERS-CoV PLpro (underlined in Fig. 1C and 


MERS-CoV PLpro. HEK293T cells were transfected with the wild-type (WT) 
or catalytic-mutant (CA) SARS-CoV PLpro or MERS-CoV PLpro and pGlo- 
RLKGG constructs for 13 h and then treated with 12.5 or 6.25 wM BD-15g for 
3 h or with the equivalent volume of DMSO diluted in medium. Cells were 
then lysed and assayed for dual-luciferase activity. The experiment was per- 
formed in triplicate, with error bars representing the standard deviations of the 
averages. *, P< 0.005, as determined with Student’s t test between DMSO- and 
drug-treated cells. 
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HKUS S§GLVKMAAPSGVVENCMVOVTCGSMTLNGLWLDN YVWEPRHVMC PADOLSDPNY DALLVSKTNLSBIVOKNVGAPANLRVVGHTM 

SARS |[SGFRAMAFPSGKVEGCMVOVTCGTTTLNGLWLDDTIVYCPRHV LC TAEDMLNPNYEDLLIRKSNHSBLVO---AGNVOLRVIGHSM 

MHV SGIVKMVSPTSKVE PC IVSVTYGNMPLNGLWLDDKVYCPRHV ICSSADMT DPEDY¥ PNLLCRVTSSDECYM---SGRMSLTYMSYOM 

* 

MERS QGTLEKETVDVANPSTPAYTETTVKPGAAFSVLACYNGRPTGTFTVVMRPNYTIKGSPLCGSCGSVGYTKEGSVINECYMHOMEL 

HKU4 VGVLEKETVYDVANPSTPAYTESTVKPGASESVLACYNGKPTGVFTVNLRHNSTIKGSELCGSCGSVGYTENGGVINEVYMHOMEL 

HKUS VGTLEKETVESANPOTPAYTETTVKPGASESVLACYNGRPTGVFMVNMRONSTIKGSELCGSCGSVGYTOEGNVINECYMHOMEL 

SARS QNCLERLKVDTSNPKTPBKYKEVRIOPGOTESVLACYNGS PSGV YOCAMRPNHTIKGSFLNGSCGSVGFNIDYDCVSECYMHHMEL 

MHV QGCOLVITVT LON PNIPKY SEGVVKPGETE TVLAAYNGRPOGAFHVT LRSSHTIKGSELCGSCGSVGYVLTGDSVREVYMHOLEL 

MERS ANGTHTGSAFDGTMYGAFMDKOVHOVOLTDKYCSVNVVAWLYAA I LNGCAWEVKPNRTSVVSFNEWALANOFTEFVGTQS--VDM 

HKU4 SNGTHTGSSFDGVMYGAFEDKOTHOLOLTDKYCT INVVAWLYAAVLNGCKWEVKPTRVGIVTYNEWALSNOFTEFVGTQS--IDM 

HKUS SNGTHTGCAFDGVMYGAFEDROVHOVOLSDKYCT INI VAWLYAAI LNGCNWEVKPNKTGIATFNEWAMSNOFTEFIGTQS--VDM 

SARS PTGVHAGTDLEGKFYGPFVDROTAQAAGTDTTITLNVLAWLYAAV INGDRWELNRFTTTLNDFNLVAMKYNYEPLTQDHVDILGP 

MHV STGCHTGTDFSGNFYGPYRDAOVVOLPVODYTOTVNVVAWLYAA I FNRCNWEVOSDSCSLEEFNVWAMTNGFSSIKADLV--LDA 
SIdentity 

MERS ZUAVKTGVAIEQLLYAIQQ-LYTGFOGKOILGS TMLEDEF TPEDVNMOIMGVVMO 

HKU4 DAHRTGVSVEQMLAAIOS-LHAGFOGKTILGOSTLEDER TP DDVNMOVMGYVVMO 81.2% 

HKUS M[AHKTGVSVEQLLYAIOT-LHKGFOGKTILGNSMLEDEFTP DDYNMOVMGVVMO 82.7% 

SARS [USAOTEIAVLDMCAALKELLONGMNGRTLIEGST ILEDEFTPFDVVROCSGVT FO 50.8% 

MHV LASMTGVTVEQVLAAIKR-LHSGFOGKOTLGSCVLEDELITP SDVY OOLAGVKLO 53.3% 


FIG 3 MERS-CoV 3CLpro activity. (A) Schematic diagram of the 3CLpro domain and predicted cleavage sites in ORF1a/b. The region corresponding to 
the amino acid residues 2741 to 3561 spanning nsp4/5/6 was synthesized, cloned, and designated pMERS-pp3CLpro. The catalytic cysteine was changed 
to alanine, and the nsp5/6 cleavage site QS was changed to AA. (B) Expression and activity of 3CLpro. pMERS-pp3CLpro was transfected into HEK293T 
cells. Lysates were prepared at 20 h posttransfection and protein products analyzed by Western blotting. Anti-V5 detects polyprotein and processed 
products, and anti-beta-actin was used to monitor protein loading. *, protein aggregates. Numbers at the right are molecular masses (in kilodaltons). (C) 
Alignment of 3CLpro regions from selected betacoronaviruses. Alignments were performed using ViPR software MUSCLE alignment algorithms. 
Sequence identity is indicated with shading. Catalytic residues are boldface and marked with an asterisk. Accession numbers are listed in the legend to 


Fig. 1. 


shown in reference 20). This loop has been shown to close upon 
BD-15g binding to SARS-CoV PLpro, and the loop closure pre- 
vents the substrate from accessing the active site. Because there are 
differences in the amino acid sequences of the flexible loop, it is 
possible that BD-15g cannot bind the loop of MERS-CoV PLpro, 
leaving the active site accessible to the substrate. Overall, these 
results validate the use of the biosensor assay, with a known pos- 
itive control, for evaluating the specificity of small-molecule in- 
hibitors directed against CoV PLpros. Further work is needed to 
identify inhibitors that block MERS-CoV PLpro or are broadly 
inhibitory to CoV PLpros. 

Cloning and expression of MERS-CoV 3CLpro. To evaluate 
MERS-CoV 3CLpro activity, an nsp4/5/6N-V5 codon-optimized 
DNA encoding amino acids 2741 (N terminus of nsp4) to 3561 
(within nsp6) with its splice site removed was synthesized and 
cloned into the pcDNA3.1 expression vector and designated 
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pMERS-pp3CLpro (for polyprotein containing the nsp5/3CLpro 
domain). The 3CLpro cleavage site between nsp5 and -6 was either 
retained, resulting in expression of MERS-3CLpro, which cleaves 
between nsp4/5 and nsp5/6 and is untagged, or mutated (pMERS- 
pp3CLpro-AA), resulting in a protease that cleaves the nsp4/5 site 
but should retain the V5 epitope tag at the nsp5/6N-V5 C termi- 
nus (Fig. 3A). Currently, there are no antibodies available to 
detect MERS-CoV 3CLpro; therefore, we relied on detection of 
cleavage intermediates and epitope-tagged products to assess 
expression and activity. To determine if MERS-pp3CLpro ex- 
presses an active protease, we transfected plasmid DNA into 
HEK293T cells and harvested cell lysates at 20 h posttransfec- 
tion for Western blot evaluation. As expected, the wild-type 
pp3CLpro protease cleaved the polyprotein, generating an 
nsp5/6N-V5 product that can be detected by Western blotting 
(Fig. 3B). As expected, this product is more abundant when the 
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FIG 4 Biosensor assay detecting MERS-3CLpro activity in cell culture. (A) 
Diagram depicting the circularly permuted luciferase construct linked by the 
protease cleavage site VRLQS for assessing CoV 3CLpro activity. (B) Expres- 
sion of MERS-pp3CLpro activates the biosensor. HEK293T cells were cotrans- 
fected with pGlo-VRLQS and pMERS-pp3CLpro expressing either wild-type 
or catalytic-mutant (CA) 3CLpro. At 20 h after transfection, cells were lysed 
and assayed for luciferase activity. The experiment was performed in triplicate, 
with error bars representing the standard deviations of the means. (C) MERS- 
CoV 3CLpro activity is detected in a live-cell assay. Cells were transfected as 
described above, and at 14 h, they were incubated with GloSensor reagent. 
Luciferase activity was assayed in live cells every hour using a luminometer. 
The experiment was performed in triplicate, with error bars representing the 
standard deviations of the means. 


nsp5/6 cleavage site is mutated (Fig. 3B, compare the WT lanes 
[with QS] to the WT-AA lanes). The nsp6-V5 product is pre- 
dicted to be only 5.6 kDa and was undetectable by Western 
blotting in the wild-type sample. The catalytic-mutant pMERS- 
pp3CLpro-CA does not generate the cleavage product, instead 
generating a polyprotein of the expected size and an aggregate that 
does not efficiently enter the SDS-PAGE gel, presumably because 
of the trans-membrane domain that remains in the polyprotein 
(Fig. 3C, asterisk). These results demonstrate the activity of the 
MERS-CoV 3CLpro and the requirement for the catalytic cysteine 
residue Cys-3395. 

To generate a biosensor 3CLpro substrate, we evaluated the 
predicted 3CLpro cleavage sites in the MERS-CoV ORF 1a/b poly- 
protein and noted that the predicted cleavage sites for MERS-CoV 
3CLpro conform to the consensus cleavage sites for previously 
characterized CoV 3CLpros (33). Oligonucleotides encoding the 
consensus cleavage site (VRLQ|S) were synthesized and ligated 
into pGlo-30F to generate the pGlo-30F-VRLQS biosensor for 
CoV 3CLpro activity (Fig. 4A). Transfecting cells with plasmid 
DNA encoding pMERS-pp3CLpro, pGlo-VRLQS, and renilla lu- 
ciferase reporters and lysing the cells after 20 h allowed for the 
evaluation of MERS 3CLpro activity. Recognition of the pGlo- 
VRQLS cleavage site engineered into the luciferase biosensor re- 
sulted in a 250-fold increase in luciferase activity above the level 
detected in mock-transfected cells. We also noted a dose response 
of the reporter relative to the increasing expression of 3CLpro 
(Fig. 4B). The catalytic-mutant 3CLpro did not generate signifi- 
cant luciferase activity above background. To determine if we 
could detect MERS 3CLpro activity in the live-cell kinetic assay, 
we transfected HEK293T cells with the protease and substrate 
plasmid DNAs and evaluated activity using the GloSensor assay as 
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described above. The wild-type 3CLpro construct led to a rapid 
activation of luciferase, with a 50-fold increase detectable only 1h 
after incubation with the substrate reagent (Fig. 4C). This activa- 
tion increased to levels of >300-fold above levels in the mock 
experiment after 5 h of incubation. The catalytic-mutant 3CLpro 
was not capable of cleaving the luciferase biosensor, and there was 
no increase over levels in the mock live-cell assay. 

Identification of a SARS-CoV 3CLpro inhibitor that blocks 
MERS-CoV 3CLpro activity. The structure for the MERS-CoV 
3CLpro in complex with a peptidomimetic inhibitor termed N3 
was recently solved, and significant structural similarities between 
SARS-CoV and MERS-CoV 3CLpros were noted (34). These re- 
sults suggest that broadly reactive 3CLpro inhibitors may block 
MERS 3CLpro activity. To test this hypothesis, the efficacy of an- 
tiviral drugs optimized for inhibition of SARS-CoV 3CLpro that 
were also shown to block murine coronavirus replication were 
tested for the ability to block MERS-CoV 3CLpro activity. The 
antiviral inhibitor tested is a chloropyridine ester, CE-5 (35). 
Structural studies by Verschueren and colleagues showed that this 
class of benzotriazole esters acts as suicide inhibitors by covalently 
modifying the catalytic cysteine residue necessary for protease ac- 
tivity (36). This drug inhibits SARS-CoV 3CLpro activity in vitro 
in addition to inhibiting viral replication in SARS-CoV-infected 
VeroE6 cells and murine coronavirus replication in DBT cells. 
Because of the structural similarity between SARS-CoV and 
MERS-CoV 3CLpros, it is possible that 3CLpro inhibitors like 
CE-5 will be cross-reactive and have inhibitory properties against 
MERS-CoV 3CLpro. 

The efficacy of the SARS-CoV 3CLpro inhibitor CE-5 was 
tested against MERS-CoV 3CLpro using the pGlo-VRLQS bio- 
sensor assay. To determine if CE-5 inhibited MERS-CoV 3CL- 
pro, cells were transfected with the pGlo-VRLQS construct, 
renilla luciferase plasmid, and MERS-CoV 3CLpro wild-type 
and catalytic-mutant expression constructs. After 14 h of trans- 
fection, CE-5 was added to the media at final concentrations of 
50 wM, 25 pM, 12.5 wM, and 6.25 M, and incubation con- 
tinued for 6 h. The cells were lysed and assayed for luciferase 
activity to measure the amount of reporter activity (Fig. 5A). 
The luciferase levels measured for the MERS-CoV 3CLpro wild 
type were set to 100%. The drug treatment inhibited the activ- 
ity of MERS-CoV 3CLpro to 30% of that of DMSO-treated cells 
at a maximum dose of 50 uM. The endpoint evaluation of CE-5 
indicated a 50% effective concentration (EC; ) in cell culture 
of ~12.5 4M. 

To evaluate the real-time effects of CE-5 inhibition of MERS- 
CoV 3CLpro, the live-cell protease cleavage assay described earlier 
was used. HEK293T cells transfected with pGlo-VRLQS, renilla 
luciferase plasmids, and MERS-CoV 3CLpro were incubated in 
GloSensor reagent and then measured for luminescence begin- 
ning at 14 h posttransfection. We noted the expected increase in 
luciferase activity in the DMSO-treated group, while the luciferase 
activity in the CE-5-treated cells declined sharply (Fig. 5B). The 
efficacy of this previously reported SARS-CoV 3CLpro inhibitor 
to act on MERS 3CLpro is consistent with broad-spectrum inhi- 
bition. Further studies are needed to identify whether other com- 
pounds with activity inhibitory to SARS-CoV proteases may have 
effects inhibitory to MERS-CoV. 

Conclusion. In summary, the successful expression of MERS- 
CoV PLpro and 3CLpro and the development of the luciferase- 
based biosensor for protease activity will facilitate screening and 
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FIG 5 The CoV 3CLpro inhibitor CE-5 blocks MERS-CoV 3CLpro activity. (A) 
MERS-CoV 3CLpro activity is inhibited by CE-5. HEK293T cells were transfected 
with wild-type (WT) or catalytic-mutant (CA) pMERS-pp3CLpro and pGlo- 
VRLQS DNA, incubated for 14 h, and then treated with 6.25, 12.5, 25, or 50 uM 
CE-5 or DMSO for 6 h. Cells were lysed and assayed for dual-luciferase activity. 
The experiment was performed in triplicate, with error bars representing the stan- 
dard deviations of the means. *, P < 0.005, as determined with Student’s t test 
between DMSO- and drug-treated cells. (B) MERS-CoV 3CLpro activity was in- 
hibited by CE-5 in the live-cell assay. HEK293T cells were transfected with wild- 
type (WT) or catalytic-mutant (CA) pMERS-pp3CLpro and pGlo-VRLQS for 13 
h, incubated with GloSensor reagent for 1 h, and then treated with 50 4M CE-5 or 
DMSO. Luciferase activity was assayed in live cells every hour using a luminome- 
ter. The experiment was performed in triplicate, with error bars representing the 
standard deviations of the means. *, P< 0.005, as determined with Student’s t test 
between DMSO- and drug-treated cells. 


identification of effective small-molecule inhibitors for MERS- 
CoV and future emerging coronaviruses. 
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